HyperCyt ® , an automated sample handling system for flow cytometry that uses air bubbles to separate samples sequentially introduced from multiwell plates by an autosampler. In a previously documented HyperCyt ® configuration, air bubble-separated compounds in one sample line and a continuous stream of cells in another are mixed in-line for serial flow cytometric cell response analysis. To expand capabilities for high-throughput bioactive compound screening, the authors investigated using this system configuration in combination with automated cell sorting. Peptide ligands were sampled from a 96-well plate, mixed in-line with fluo-4-loaded, formyl peptide receptor-transfected U937 cells, and screened at a rate of 3 peptide reactions per minute with~10,000 cells analyzed per reaction. Cell Ca 2+ responses were detected to as little as 10 -11 M peptide with no detectable carryover between samples at up to 10 -7 M peptide. After expansion in culture, cells sort-purified from the 10% highest responders exhibited enhanced sensitivity and more sustained responses to peptide. Thus, a highly responsive cell subset was isolated under high-throughput mixing and sorting conditions in which response detection capability spanned a 1000-fold range of peptide concentration. With single-cell readout systems for protein expression libraries, this technology offers the promise of screening millions of discrete compound interactions per day. (Journal of Biomolecular Screening 2004:103-111) 
INTRODUCTION
I N THE BIOTECHNOLOGY INDUSTRY, accurate analysis of interactions between cells and compounds is essential to drug discovery. The current cost of compounds renders sample size paramount and favors microfluidic analysis systems and microliter volumes. The flow cytometer is a microfluidics-based instrument that, because of its ability to make multiple optical measurements of cellular responses in real time, is becoming an increasingly important tool for drug discovery. 1 A limitation has been the rate at which multiple samples of compounds or cells can be sequentially processed. To address this, flow cytometric techniques have been augmented by the addition of flow injection analysis (FIA)-based techniques, incorporating high-precision valves and stepper motor-driven syringes and automated sample delivery systems. [2] [3] [4] [5] [6] [7] We have recently reported the development of an automated sample handling system for flow cytometry, called HyperCyt ® , that uses air bubbles to separate samples sequentially introduced from multiwell plates by an autosampler. 8 Samples of 1-5 microliters in volume are delivered through a microfluidic tubing line to the flow cytometer with a peristaltic pump. Air bubbles are required to prevent mixing and spreading of samples due to parabolic flow during transit. Endpoint assays, in which parallel reactions proceed for minutes to hours before sampling, have been successfully processed at rates of up to 100 samples per minute. 8 High-throughput in-line mixing protocols have also been developed in which air bubble-separated compounds in one sample line and a continuous stream of cells in another sample line are merged at a common outlet and are mechanically mixed with a microstirbar just before reaching the flow cytometer. 9, 10 Processing rates of up to 9 samples per minute have been achieved with this approach. 9 Flow cytometric cell sorting is an established method used to separate and enrich target populations of cells. Recently, commer-cial flow cytometers have been designed for high-speed sorting at rates of up to 70,000 cells/second. 11 However, sorting has yet to be used in combination with automated high-throughput compound sampling/mixing approaches. To fully exploit the potential of flow cytometry for high-throughput screening (HTS) of bioactive compounds, we here investigated the use of the HyperCyt ® system in combination with automated cell sorting (Fig. 1) . The G-proteincoupled receptor (GPCR) system is involved in the mechanism of action of approximately 50% of all prescription drugs on the market. 12 Therefore, this family of receptors is a logical choice as the focus of HTS efforts to identify new lead compounds of potential therapeutic importance. U937 cells transfected with the formyl peptide receptor, 13 a prototypic GPCR, were mixed with parental U937 cells to determine the efficacy with which the receptor-expressing cells could be detected and purified via HyperCyt ® sorting. We show that cells responding to peptide stimulation by releasing intracellular Ca 2+ can be sorted from a population of nonresponding cells in an automated protocol that requires a processing time of~20 seconds per peptide sample. This method allows not only the rapid determination of a bioactive compound but also the ability to sort the responding cells for expansion and further characterization.
MATERIALS AND METHODS

Cells and reagents.
Fluorescein-labeled and unlabeled formyl-methionine-leucine-phenylalanine (fMLF) peptide was obtained from Penninsula Labs (San Carlos, CA). Cells of the myeloid U937 cell line transfected with a mutant formyl peptide receptor with glycine/alanine-substituted tail region serine and threonine residues (DeltaST) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (Hyclone), 2mM L-glutamine, 10 mM HEPES, 10 U/ml penicillin, and 10 µg/ml streptomycin, 4 µg/ml CIPRO, and 500 µg/ml Geneticin (Invitrogen, Japan). Cultures were grown at 37°C with 5% CO 2 and passaged every 3 days. These DeltaST cells show a sustained Ca 2+ response upon stimulation with fMLF and do not internalize the receptor. 13 U937 cells do not express the formyl peptide receptor and, therefore, are not stimulated by fMLF.
Fluorescence labeling. 10 7 cells were resuspended in 10 ml of warm medium containing 200 nM fluo-4 acetoxymethyl ester (Molecular Probes, Eugene, OR) and incubated at 37°C for 30 min, with mixing every 10 min. After incubation, cells were centrifuged and resuspended in fresh medium, centrifuged, and resuspended in complete HHB (0.11M NaCl, 30 mM HEPES, 10 mM KCL, 1mM MgCl 2 , 10 mM glucose, and 0.1% [v/v] human serum albumin, and 1.5 mM CalCl 2 ). PKH26 dye was obtained from Sigma (St. Louis, MO) and used according to manufacturer's instructions. DeltaST cells were loaded with fluo-4 and U937 cells loaded with a combination of fluo-4 and PKH26. Thus, both cell lines contained the fluo-4 Ca 2+ indicator and, when mixed together in Ca 2+ response experiments, could be distinguished from one an-other on the basis of differences in red PKH26 fluorescence intensity.
Flow cytometry. For fluorescence analysis of fluo-4 and fluorescein-labeled fMLF, excitation was at 488 nm from an aircooled argon laser and emission was detected at 520 nm. PKH26 fluorescence was excited at 488 nm and emission detected at 630 nm. MoFlo® sorting conditions ranged from 10 to 30 psi, 500 to 2000 events/sec, and exclusively used sort single mode. Fluo-4 fluorescence intensity was recorded on a linear scale. The MoFlo flow cytometer was also fitted with a modified nozzle holder, described elsewhere, 14 in which the sample tube was extended an additional 5 mm closer to the nozzle exit relative to the standard configuration (see Discussion).
HyperCyt ®
. The configuration of HyperCyt ® for automated mixing and delivery of cells to the flow cytometer was as previously described 9 with minor modifications ( Fig. 1 ). Cells at 0.5-1.0 × 10 6 /ml are delivered by syringe (FIAlab Instruments, Bellevue, WA) through 0.010" inner diameter (ID) PVC tubing (Spectra Hardware, Inc., West Moreland City, PA) at 2 µl/sec. A peristaltic pump (Gilson Minipuls 3) rotating at 15 rpm (2 µl/sec) is used to deliver peptide from wells of a 96-well V-bottom PVC microtiter plate through a 12-inch, 0.010" ID stainless steel probe (Small Parts, Inc., Miami Lake, FL) attached to a 41" length of 0.010" ID PVC tubing. A model 223 Sample Changer autosampler (Gilson, Inc., Middleton, WI) moves the probe from well to well. The 2 PVC tubing components for transporting cells and peptide meet at a 23 gauge "Y" connector (Small Parts, Inc.) connected to a mixing line of 0.01" ID PVC tubing that ranged in length from 30" to 60", as indicated. This is attached to the sample insertion rod of the cytometer using a short length of 0.020" ID silicone tubing. A .059" × .009" × .003" (length × width × thickness) micro-stirbar, prepared from Metaglass Magnetic Alloy 2714A (Allied Signal, Morristown, NJ), was positioned 1" downstream of the "Y" connector and rotated at~500 rpm with a magnetic stirrer for optimal mixing of reagents and cells as previously described. 10 In practice, the peristaltic pump runs continuously as the autosampler moves the sampling probe from well to well with a trip to the rinse station between each well. The sample size and air bubble size are determined by the time that the probe is in a well (or rinse station) or above a well (or rinse station) taking in air, respectively. During the time at the rinse station, the probe is raised and lowered multiple times to create multiple air bubble-separated rinse volumes as indicated in specific experiments. The probe typically requires~0.5 seconds to move from well to well and~0.3 seconds to move up and down in the rinse station. Based upon the observed liquid displacement rate of 2 µl/sec, initial air bubble volumes (prior to compression by bounding liquid volumes) were estimated to range between 0.6 and 1 µl.
Data analyses. Data analyses were done off-line on flow cytometry list-mode data files stored in FCS 2.0 format. CellQuest (BD BioSciences, San Jose, CA), Summit (Cytomation, Fort Collins, CO), FCSQuery (in-house analysis program)/Microsoft® Excel® (Redmond, WA), and Prizm™ (San Diego, CA) software were used to generate graphs and statistical analyses.
RESULTS
Characterization of Ca 2+ responses in receptor-transfected and parental U937 cells. DeltaST cells are U937 cells that have been transfected to express the formyl peptide receptor 13 and thus, unlike parental U937 cells, release intracellular Ca 2+ when stimulated with fMLF peptide, an activating ligand of the receptor. To separately evaluate intracellular Ca 2+ in both cell lines in the same assay, DeltaST cells were loaded with fluo-4 and parental U937 cells with a combination of fluo-4 and red fluorescent PKH26. In plots of green versus red cell fluorescence, both dim red fluorescent DeltaST cells and bright red fluorescent U937 cells exhibited similar levels of dim green fluo-4 fluorescence in the absence of treatment ( Fig. 2A) . By contrast, only in the DeltaST cell population did the fluo-4 fluorescence intensity increase in response to treatment with fMLF ( Fig. 2B ). When fMLF was manually added to a tube containing a 1:1 mixture of the 2 cell lines, the median fluo-rescence intensity of fluo-4 in DeltaST cells increased from a baseline value of 38 to a peak of 247 fluorescence units at 30 seconds, a 7-fold increase, after which it gradually declined ( Fig. 2C ). By contrast, there was no detectable Ca 2+ response by parental U937 cells, consistent with their lack of the fMLF peptide receptor ( Fig.  2D ). Stimulation of the parental U937 cells with ATP, however, produced a significant elevation in intracellular Ca 2+ , an indication that these cells were capable of eliciting a detectable response (data not shown).
Sampling/rinsing protocol efficiency. An extensive series of experiments was done to define an optimal HyperCyt ® sampling/ rinsing protocol that would most efficiently eliminate intersample carryover. Fluorescein-labeled fMLF peptide (30 nM) was aspirated from a sample well for 10 seconds, then the sampling probe was moved to a rinse station and repeatedly immersed in rinse buffer 1 to 4 times (to generate different numbers of rinse-associated air bubbles) for 2 to 10 seconds per rinse before aspirating the next fMLF peptide sample. Thus, each large volume sample of fMLF peptide was followed by a series of bubble-separated rinse volumes of varying number and size. Binding of peptide to cellular peptide receptors was quantified on the basis of the median fluorescein fluorescence intensity of cells as previously described. 3 The amount of residual peptide in each individual rinse volume was likewise determined by the fluorescence intensity of DeltaST cells that mixed with the rinse volume as it merged with the continuously flowing stream of cells. A total cumulative intersample rinse time of approximately 11 seconds was required to reduce the effects of a previous 30 nM sample of peptide to residual levels of 5% or less (Table 1 ). Within this time frame, the level of residual peptide decreased progressively as the number of intersample air bubbles increased. It ranged from a high of 28% when a single 10-second rinse volume (2 bubbles) was used, to a low of 2% when four 2-second rinse volumes (5 bubbles) were used ( Table 1 ). The series of 3 rinses at 3 seconds per rinse achieved the targeted level of residual peptide (≤ 5%) with the minimum number of bubbles and was therefore considered the protocol of choice for all subsequent studies.
Peptide dose-response response relationship. The Ca 2+ response of DeltaST cells to varying concentrations of fMLF was determined using HyperCyt ® delivery of cells and peptide to a FACScan™ flow cytometer. The sampling probe was immersed for 10 seconds in a microplate well containing 1 peptide concentration, after which it was moved to a rinse station for three 3-second rinses, then returned to the next well containing the next concentration of fMLF. In a representative experiment, peptide samples of 10-fold progressively increasing concentration were sequentially sampled and the Ca 2+ responses detected in a time-resolved flow cytometric analysis (Fig. 3A) . A significant fraction of responding cells (~17%) was first detected at 10 -11 M fMLF (P < 0.001 vs baseline response, Student's t-test) and a plateau of~80% responding cells was attained at 10 -8 M fMLF (Fig. 3C ). The relative washout of peptide between samples was quantified as the magnitude of the Ca 2+ response of cells exposed to each successive rinse volume. Once levels of responding cells dropped below 25% (corresponding to a median fluorescence intensity of~150 or less in Fig. 3B ) in any stage of the sampling/rinsing protocol, a single subsequent 3-second rinse was consistently sufficient to reduce the cell response to background levels. This was illustrated for 10 -11 , 10 -10 , and 10 -9 M peptide concentrations in the 1st 3 consecutive rinse volumes (Fig. 3, B and C) and for a 10 -8 M peptide concentration when a 4th consecutive rinse volume was evaluated (data not Residual peptide (mean ± SD %) a 28 ± 1 10 ± 1 23 ± 5 5 ± 1 2 ± 1 a. Residual peptide = 100 × (Exp -Base)/(Max -Base) in which Max, Exp, and Base represent the fluorescence intensities of cells exposed to 30 nM peptide, the last rinse volume in the indicated protocol, and buffer alone, respectively. Represented are results of 3-6 determinations for each protocol.
shown). Therefore, the HyperCyt ® sampling/washing protocol permitted detection of peptide over a 3-decade range of concentration (10 -11 -10 -8 M) without detectable peptide carryover between samples. Similar results were obtained when peptide concentrations were sampled in reversed order (ie, progressively decreasing concentration, data not shown).
Comparison of manual and HyperCyt ® mixing protocols. Using manual mixing and delivery of peptide and cells to a FACScan flow cytometer, DeltaST cells were analyzed to determine the cell fraction responding to varying concentrations of fMLF. In pooled results of 4 separate experiments, an effective concentration of peptide that promoted 50% of the maximum Ca 2+ response (EC 50 ) was 10 -11 M (Fig. 4A ). By comparison, an EC 50 of 6 × 10 -11 M was obtained with HyperCyt ® when using a mixing line of 60 inches in length (Fig. 4B) . The dose-response profiles were consistent with ligand-receptor binding and demonstrated HyperCyt ® delivery to achieve estimates of EC 50 within a similar order of magnitude (6fold difference) as the manual method.
It was noteworthy that halving the length of the mixing line to 30 inches resulted in a 30-fold increase in the apparent EC 50 (3 × in-line micro-stirbar, was of importance for optimal cell response detection in the flow cytometer. Results obtained with the longer line probably reflected the effects of 2 counterbalancing factors. A longer transit time permits longer receptor-ligand interaction time, which in turn permits the Ca 2+ response to develop more fully toward levels achieved with the manual approach. On the other hand, peptide solutions are progressively diluted during transit through tubes. As the peptide sample volume moves through the tubing, it leaves behind a thin film on the tubing wall and it takes up rinse so-lution from the thin film left behind by the preceding rinse volumes (manuscript in preparation). Thus, a longer tube leads to a greater dilution of peptide. This dilution effect was likely a contributing factor in the apparent 6-fold higher response EC 50 observed during HyperCyt ® analysis with the longer tube as compared to results in manual assays. DeltaST and parental U937 cells were labeled and combined together at a 1:1 ratio as in Figure 2 . A continuously flowing suspension of these cells was then exposed to fMLF peptide sampled from separate wells of a 96well plate using the HyperCyt ® sampling rinsing protocol of Figure 3 except that each peptide sample was aspirated for 30 rather than 10 seconds. For each sorting experiment, an electronic sorting gate was established around 10% of the input DeltaST population with the strongest Ca 2+ response. (A) Sorting was initiated only for cells exposed to the full concentration of sampled peptide. Immediately subsequent to sorting, the sort-selected cells were evaluated to determine the frequency of contaminating red fluorescent parental U937 cells. (B) Illustrated are results of a representative experiment in which cells exposed to 10 -6 M peptide were sorted in a MoFlo® flow cytometer at a sheath stream pressure of 10 psi and an event rate of 700 cells per second. In this experiment, 126 contaminating U937 cells were detected in a total of 3467 sorted cells (3.6%).
Results are representative of all tested conditions of sheath pressure and event rates.
Sorting with HyperCyt ® . Sorting experiments were done using a 1:1 ratio of DeltaST cells and parental U937 cells, prepared as in Figure 2 , as the starting population. Figure 5A illustrates the sort gate enclosing the 10% of DeltaST cells with the strongest response to fMLF, defined on the basis of bright fluo-4 fluorescence intensity and exclusion of dim fluo-4, bright PKH26 fluorescent parental U937 cells. Sorting conditions varied with experiments and ranged from 10 to 30 psi sheath pressure and from 700 to 2000 events/second. Over the entire range of tested conditions of pressure and event rate, results were comparable with respect to presort Ca 2+ response profiles and postsort frequencies of contaminating parental cells. In 6 separate experiments, the frequency of parental U937 cells contaminating the sorted DeltaST cells was determined to be 3.3 ± 1.3% (mean ± SD). Figure 5B illustrates results of a representative experiment in which the sorted cell population was determined to contain~3% contaminating PKH26-stained cells. Similar frequencies of contaminating cells were detected in parallel control experiments in which cells and peptide were manually mixed and presented for sorting in a conventional fashion (1.8 ± 0.8%, n = 4, P ≤ 0.07).
A noteworthy observation, however, was that the sort stream was always transiently perturbed by the passage of each intersample set of air bubbles. Although the sort stream droplet profile would often spontaneously revert to the original configuration subsequent to bubble passage, typically only a limited and variable number of samples could be processed before the sort stream was ultimately irreversibly shifted to a new droplet configuration. This altered the critical timing relationship between event detection and droplet charging essential for accurate sorting and required manual intervention to correct. An exception to this pattern was observed when HyperCyt ® sorting was performed at the lowest tested sheath pressure (10 psi), under which conditions sort stream droplet configuration was more resilient, consistently recovering from the effects of each set of bubbles for up to an hour of continuous sample processing.
Analysis of sort-purified cells after expansion in culture.
To assess the ability of HyperCyt ® sorting to isolate cells with altered Ca 2+ response characteristics, peptide-responsive cells from DeltaST/U937 cell mixtures were sorted into a sterile 96-well plate at up to 100 cells/well. The sorted cells were cultured for 8 days in the absence of any selecting agent, then for an additional 4 or more days in the presence of geneticin to prevent spontaneous loss of fLMF receptor expression. When compared with the original source DeltaST cell culture from which they were purified, the sort-selected DeltaST cells exhibited a higher peak Ca 2+ response, attained the peak response more rapidly, and attenuated the response more slowly (Fig. 6A) . In peptide dose-response comparisons, the sort-selected DeltaST cells also exhibited higher response frequencies over a 5-decade range of peptide concentrations (Fig. 6B ). Cell subsets with similarly enhanced response characteristics were successfully isolated and expanded using input peptide sample concentrations that ranged from 10 -9 to 10 -6 M. Predictably, the numbers of highly responsive cells that were detected and sorted increased with increasing peptide concentration, ranging from less than 100 cells per sort at 10 -9 M peptide to many hundreds of cells per sort at 10 -7 M peptide or more. FIG. 6 . Comparison of the calcium response profiles of source and sort-selected DeltaST cells. DeltaST and U937 cells were labeled, combined together in a 1:1 ratio, and sorted as described in Figure 4 except that fMLF peptide concentrations ranging from 10 -6 to 10 -10 M from separate source microplate wells were used in a single sorting experiment, each peptide sample was aspirated for only 10 seconds prior to the 3-rinse probe wash sequence, and sorting was done at 30 psi sheath pressure and 2000 events/second. The sorted cells were deposited into wells of a sterile 96well plate at up to 100 cells/well and cultured for in a 5% CO 2 atmosphere at 37°C. After 8 days, geneticin was added and the cells were cultured for an additional 4 or more days until adequate cell numbers were present for analysis. The source DeltaST cells were cultured in parallel in the continual presence of geneticin. At the end of the culture period, the Ca 
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DISCUSSION
The present studies document the successful use of a HyperCyt ® -based automated in-line mixing protocol in conjunction with cell sorting to achieve isolation and expansion of a subset of highly responsive DeltaST cells. The peptide was delivered from the wells of a 96-well microplate, mixed with a continuously flowing suspension of cells and delivered to the point of analysis in the flow cytometer in a time frame conducive to detection of peak cell Ca 2+ responses. Sort-purified cells exhibited enhanced sensitivity to formyl peptide concentrations as low as 10 -11 M and more sustained responses to all stimulatory peptide concentrations in comparison to the DeltaST cell population from which they were derived (Fig. 6 ). Distinctively labeled parental U937 cells were seeded in equal proportions with DeltaST cells in each source cell population used for sorting. This permitted an estimate of sort purities to be in the range of 96% to 97% from a 1:1 cell mixture under all tested conditions of HyperCyt ® sorting. This level of sorting efficiency was therefore sufficient to permit isolation and expansion of a subset of cells from the input DeltaST population with enhanced sensitivity to fMLF. In a separate series of HyperCyt ® sorting experiments, the sort-purified cells were determined to express several-fold higher average numbers of peptide receptors than the source cells from which they were derived (data not shown). Thus, the observed increase in peptide responsiveness likely reflected sort selection of a subpopulation of cells with increased receptor expression levels.
The present study characterized a method for detection and sort-isolation of cells on the basis of a transient receptor-mediated physiological response. Although the present focus was upon a GPCR-coupled Ca 2+ response, such an analysis approach should be readily adaptable to other types of rapid transient cell responses measurable by flow cytometry. For example, we have recently reported a flow cytometric approach to detect and quantify transient changes in integrin receptor affinity as they occur in real time over a span of tens-of-seconds. 15 Such affinity changes were triggered by ligands interacting not only with GPCR but also with membrane receptors to IgE and interleukin-5. Likewise fluorescent probes are available to measure other types of rapid transient responses (eg, membrane potential, intracellular pH, etc) triggered by ligands to a wide range of receptor classes. Thus, assays similar to the one described here should not be limited to GPCR as the targeted receptor nor to intracellular Ca 2+ fluctuation as the receptorelicited response. Also of note is that the present approach specifically addresses physiological responses that are rapid (seconds) and reversible. If working with cell responses of a more sustained nature, the range of potential flow cytometry-based assays can be greatly extended (eg, multiparameter protein/gene expression, cell cycle perturbation, apoptosis, etc) and performed more efficiently as HyperCyt ® endpoint assays (in-line mixing not required) as we have recently described. 16 The HyperCyt ® sampling/rinsing protocol permitted screening of peptides at a rate of 3 peptide samples per minute with negligible intersample carryover over a broad range of input peptide concentrations. It was noteworthy that each successive 3-second rinse step resulted in an additional order-of-magnitude increase in the upper limit of peptide concentration that could be sampled without the occurrence of carryover. For example, the stimulatory effects of 10 -11 , 10 -10 , 10 -9 , and 10 -8 M input peptide samples were eliminated in the 1st, 2nd, 3rd, and 4th rinse volumes, respectively ( Fig. 3 and data not shown). Thus, the use of three 3-second sample probe rinses between each peptide sample eliminated carryover from peptide concentrations up to 10 -8 M (Fig. 3) , 16-to 100-fold greater than the peptide EC 50 of 0.1 to 0.6 nM (Fig. 4) . Inclusion of additional intersample rinse steps would further extend the upper limit of carryover-free peptide detection at the expense of decreased sample throughput rate.
Cell responses were detectable at a peptide concentration of 10 -11 M (Fig. 3) , which represented 2% to 10% of the measured peptide EC 50 . This suggests that in practice compound concentrations used for screening can be as low as 10% of the threshold EC 50 of interest. Thus, for example, the use of 5 µM concentrations in source wells should enable detection of compounds with an EC 50 of up to 50 µM.
Several other factors were also noted to be of critical importance in the efficacy of sorting with the HyperCyt ® system. First, it was only possible to do long-term trouble-free sorting operations when the sheath stream pressure was reduced to 10 psi. This appeared to reflect a destabilizing effect of air bubbles upon the sort droplet configuration that occurred at the higher pressures. Thus, for purposes of long-term sample processing such as required in an automated screening operation, the HyperCyt ® system was unable to take advantage of the Mo Flo high-speed sorting capabilities that required sheath stream pressure levels of 20 psi or more. Nevertheless, it was possible to routinely screen up to 1000 cells per second for a total of 10,000 cells per peptide sample, with a peptide sample aspiration time of 10 seconds as in the present study. Aspiration of peptide for longer time intervals up to 60 seconds did not result in increased levels of intersample carryover (data not shown), an indication that larger numbers of cells could be screened by increasing peptide aspiration time without requiring the inclusion of additional rinses between samples.
Another factor determined to be of importance in HyperCyt ® sorting was the design of the flow cytometer nozzle. The standard MoFlo nozzle provided with the instrument tended to accumulate air bubbles during the course of a sorting session. These ultimately coalesced into a large bubble that obstructed sample flow and disrupted sorting. DakoCytomation provided a modified nozzle holder in which the sample tube was extended an additional 5 mm closer to the nozzle exit relative to the standard configuration. This shortened path facilitated the passage of air bubbles through the nozzle exit and thus prevented the deleterious effects of intranozzle bubble accumulation. This modified nozzle has also recently been shown to ameliorate intranozzle disturbances of sample fluid flow associated with rapid sample delivery protocols. 14 The use of air bubbles to separate samples is an essential feature of the HyperCyt ® system that enables multiple microvolume samples of cells, particles, or soluble compounds to be transported over tens of cm distances with minimal intersample cross-contamination (Table 1) . 8, 9 Conventional wisdom in flow cytometry has been that air bubbles in the sample stream are to always be avoided, in that they represent a source of aberrant optical signals unrelated to characteristics of the sample particles in question. However, with the advent of time-resolved flow cytometry, bubble-related optical artifacts are easily excluded from the analysis by time-gating, as exemplified in Figure 3A . Air bubbles are more of a limiting factor when sorting is implemented as in the present study. The use of air bubbles would be of less consequence if it were possible to extract the air bubbles from the sample stream just prior to sample introduction into the flow cytometer. For example, an appropriately modified Plug Flow microfluidic valving system, 3, 17 in combination with an upstream air bubble detector to trigger valve switching, might serve as a viable air bubble-extraction approach to enable HyperCyt ® for high-speed sorting. Methods have been developed to express peptide and protein libraries in cells so as to render each single cell a virtual library element for functional testing. [18] [19] [20] [21] [22] The present results suggest that up to 10,000 such cellular library elements could be screened against 3 compounds each minute for a cumulative analysis of over 1.8 million compound/cell interactions in an hour and 43 million per day. Cells of the appropriate functional response phenotype could be sort-selected during the progress of the screen as the means by which phenotypeconferring library elements are ultimately identified. Enabling of HyperCyt ® with high-speed sorting capabilities (ie, from the present 1000 cells/sec to at least 24,000 cells/sec) offers the theoretical promise of single-cell library element throughput approaching a billion assays per day.
